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Abstract

The laser-interferometer described in the technical report ISL T 21/70 underwent further
development. Utilizing a 15 mW (A = 6328 A) He-Ne laser and a PIN photo diode as a
detector, optical path changes can now be measured with an uncertainty of 0.1 A and a
resolution in time of about 20 ns. Various experiments on shock tube arrangements were
conducted to demonstrate the wide range of applicability and the advantages of this
technique.
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Introduction

The technical report ISL T 21/70 described a highly sensitive laser-interferometer set-up
using Wollaston prisms. This paper reports about the subsequent development and about a
number of measurements conducted with the shock tubes of the HAG'.

Visualization of a low density flow field using interferograms is not possible, if the optical
path changes are much smaller than the wavelength of the light and cause no perceptible
shifts in the interference pattern. Now, instead of a film, a small photo diode with a point-
like sensitive surface is installed in the interferometer image plane. The interferometer is
adjusted to large interference fringe spacing, such that the region between a bright and a
dark interference band is located at the photo diode. A shift of the interference pattern is.
then registered by the diode as a change in light intensity.

Figure 1 shows the intensity I as a function of the optical path difference A¢. In the

middle of the slope, the intensity variations Al are proportional to the optical path
changes 0¢ :

=T -—. (1)

Using a He-Ne laser yields two decisive advantages:

1) The laser beam can easily be focussed on a diameter limited only by refraction
resulting in a high spatial resolution.

2) The whole light bundle can be directed to the point-like detector. Thereby a high
signal-to-noise ratio is achieved enabling highly sensitive measurements. Using a 15
mW (A = 6328 A) He-Ne laser and a PIN photo diode resulted in a resolution limit for
optical path changes of 0.1 A and a time resolution of 20 ns.

Set-up description

Interferometers are very sensitive to vibrations. This might pose a difficult problem for the
measurement method described here. This is, because the detector must be covered by the
middle of the interference slope at all times. Furthermore, no additional shift of the
interference pattern due to vibrations must occur during the measurement (for instance,
such vibrations can occur in the ground or at the test section windows just at the moment
of the shock tube firing.).

The differential interferometer used here has the advantage of a rather low sensitivity to
vibrations. The set-up scheme is displayed in figure 2. By means of the telescope, the

' Hypersonic Aerodynamics Group.




diameter of the laser beam can be adjusted. At the same time, the ray can be focussed on
its minimal diameter in the test section, limited only by diffraction. The linear polarization
of the original laser beam is converted into a circular polarization by a A/4-plate. After
this, the ray is split in a Wollaston prism into two beams polarized in directions
perpendicular to each other. Those two beams, after intersecting the flow field in the test
section, are merged again in the following Wollaston prism. The last Wollaston prism,
with its axis rotated against the axes of the rest of the prisms by 45°, splits the ray into
two parts producing complementary phased signals on the two detectors. The difference
of the detector signals is registered. Thus, modulations due to noise, until now present to a
lesser or greater extent in all lasers, cancel out. The signal from the flow field is doubled.
The lens drawn into the figure is used for imaging the flow onto the sensitive surfaces of
the detectors. Due to this measure, the whole laser light reaches the detector surfaces.
Furthermore, in accordance to Fermat’s principle, the optical path lengths of all light rays
from the test section to the detectors are equal independent of the direction of the light
ray. An additional sensitivity to a normal optical path gradient do¢/dy is thereby

avoided. The interference filter avoids noise generation in case of a light-emitting flow.

Should disturbances be anticipated during data acquisition (this danger exists for very
sensitive measurements with a duration longer than 1 ms), an arrangement depicted in
figure 3 can be employed. In this case, the laser beam is split into two beams before
entering the interferometer. Two interfering pairs of light rays are generated in the test
section, producing two signals on separate receivers. One of the ray pairs is shielded
against interaction with the flow. The differential interferometer is adjusted, such that
vibrations of the set-up generate in-phase noise signals on both receivers. By subtracting
the signals, modulation due to both the vibrations and the laser light fluctuations can be
simultaneously suppressed.

The computation of 8¢ (starting from this value, refraction index, gas density or electron
density are calculated) is carried out using equation (1). For this, the value of Al, directly
deducable from the recorded signal, has to be divided by Io. If the output power of the
laser is constant over extended time periods, Ip can be determined before the data
acquisition run (the interferometer is adjusted to the highest and then to the smallest
intensity, and the difference between those two values is computed.). If the laser output
fluctuates, an additional reference recording of the laser intensity at the instant of the data
acquisition will be necessary.

The technical details of the arrangements shown in figure 2 and 3 are described in greater
depth in the appendix.




Gas-dynamic measurements

A series of measurements in shock tubes have been conducted with the newly developed
laser-interferometer within the last year. In part, those measurements served to solve
immediate problems and were as such part of the HAG research program. The other part
consisted of preliminary experiments geared towards sounding out the range of
applications and the capabilities of the new measurement method.

Figure 4 shows an arrangement, by which the density of a free flow has been measured. A
small tube of 10 mm diameter and 100 mm length, closed on both ends by small glass
windows was placed sidewise into the flow. On both ends, the tube carried sharpened
rings to prevent leakage of the gas from the stagnation region into the area in front of the
windows. A laser beam is sent through the tube and remains unchanged along the whole
tube length. The other ray intersects the undisturbed flow upstream. The signal in figure 4
shows a time variation of the flow typical for a hypersonic shock tube with diverging
nozzle. The flow is steady only in the short time interval after the end of the starting
phenomena in the nozzle and before the arrival of the driver gas puts an ends to the data
acquisition run.

Using the arrangement shown in figure 5, the density distribution in a shock tube with
constant diameter has been measured. The measurement chamber had a square cross
section of 50 x 50 mm”’. In this case, one of the laser beams could be sent through an
orifice in the side wall. The signals retrieved with this arrangement can be used for
investigations into relaxation (molecular vibration, dissociation, ionisation).

The density profile within a shock front could be captured by sending the laser beams
through small capillaries as sketched in figure 6. Here, the optical arrangement of figure 3
has been used. The diameter of the four laser beams measured approximately 0.1 mm in
the middle of the test section. They were adjusted to be exactly perpendicular to the shock
tube axis. The shock tube’s inner diameter was 100 mm. The lengths of the capillaries
were 10 mm and 48 mm respectively, and their inner diameter was 1 mm. They were
installed exactly symmetrically in the center of the shock tube. The boundary layer on the
window caused no disturbances, since all 4 laser beams were influenced in the same
manner. For the same reason, the effects on the ends of the capillaries cancel out. No
booster amplifier was needed. The diode circuit as depicted in figure 2 and figure 3 was
directly connected to a wide frequency band oscilloscope. The circuit was designed to
exhibit low capacitance and resistance, such that the resolution in time turned out to be
about 20 ns.

Figure 7 shows an arrangement used for measurement of the flow in front of a sphere of
only 1 mm in diameter in the supersonic flow behind the shock wave. Here, the laser
beams were focussed to 0.02 mm at the locus of the sphere. The sphere is moved slowly
downstream by the flow. Thus, the laser beam traverses the stagnation region. The
location, at which the laser beam leaves the shock wave is of particular interest. The signal




in figure 7 shows a relatively slow decline to zero, already indicating a perceptibly wider
shock profile in this rarefied flow.

Another research area rewarding the employment of the laser interferometer are unsteady
boundary layers. In the shock tube, these are the shock and boundary layer as well as the
boundary layer on the rear wall after the reflection of the shock wave. Figure 8 and 9
show the respective arrangement for each signal sample. The thickness for both boundary
layers was about 1 mm. The beam separation was kept as small as possible but large
enough to ensure that one of the rays was always located outside of the boundary layer.
Thus, the density inside the boundary layer was compared to the value outside the
boundary layer at every instant in time. To achieve a good spatial resolutlon the laser
beams were focussed to 0.1 mm diameter within the test section (50 x 50 mm®). The ray
on the near side of the wall was located at a distance of 0.3 mm away from the wall.

In all examples until now, the information is gained from a single time-dependent
interference signal, that is, the information from one point in space was considered
sufficient. However, there are cases where there is more spatial information necessary for
the solution of the problem. For those cases, the laser-interferometer was modified to
enable measurements on 8 different image points. A system of additional Wollaston prisms
and A/4-plates in front of the actual interferometer splits the laser beam into 8 rays. The
rays point to several detectors where optical path variations are registered for the
respective image points.

In this way, the flow field around a blunt cone was examined. Figure 10 shows a cross
section perpendicular to the cone axis and the arrangement of the 8 laser beams. The
beams were focussed on a diameter of 0.04 mm at the locus of the cone. The distance
between two adjacent rays was only 0.25 mm. The 8 reference beams are as far as possible
directed through the undisturbed upstream flow.

Figure 11 shows a series of simultaneously recorded signals. They exhibit time-dependent
characteristics typical for the flow generated in a hypersonic shock tube. From every
signal, only the constant level during the duration of steady flow has been used for further
computations. After several runs with different arrangements, a sufficient number of
measurement points were available for the determination of the density profiles.

Figure 12 displays 4 density profiles gained at different cross sections. They were
computed applying the Abel inversion of the measured values. This method is applicable
only for axisymmetric density distributions, that is, rigorously only for the cone at zero
angle of attack. For small angles of attack however, the limited region at the fore of the
cone covered by the laser beams can be regarded as approximately radially symmetric. The
examined cone was at 10° angle of attack. The density profiles show a marked minimum
and thereby indicate an entropy layer from the stagnation region being progressively
merged into the boundary layer.




Conclusive Remarks

By citing some examples from shock tube research it has been shown that the laser
interferometer described here is an excellent means of diagnosis for gas-dynamic
investigations. High resolution in time and space, and high sensitivity in low density
(otherwise only achievable with the electron beam absorption method) deserve attention.
None of the above examples made full use of the sensitivities feasible. The optical and
electronic set-up is relatively simple and easy to operate.

It is safe to assume that the method is applicable to plasma diagnosis as well. For example,
a He-Ne laser emitting a wavelength of 3.39 um in connection with optical parts made of
quartz and a suitable IR-detector could be used to determine electron densities. In
comparison to the microwave techniques, this method would result in a far better spatial
resolution.
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Appendix with technical details

Light sources

The optical systems described below were set up with two Spectra-Physics He-Ne lasers:
Model 132 (1 mW) and Model 124 A (15 mW).

Receivers

In the beginning, photo multipliers were employed:
Philips-Valvo XP 1002 (S 20).

Later on, these were replaced by PIN-diodes from Hewlett Packard, Type 5082-4207. In
multi-ray arrangements, PIN-diodes were used in the beginning. Later on, the SA 60 array

from United Detector Technology was utilized.

Distances of laser rays in the differential interferometer

: - - I.?e
e

£ o

The first Wollaston prism of the differential interferometer splits every light ray (laser
beam) into two rays polarized normal to each other. The angle 2e between the two rays
depends on the Wollaston prism angle o, that is:

2e=2tano-(n, —n,. ).
If - as usual - the Wollaston prism is located at the focal point of the main objective with
the focal length f, then the distance 2e between the light rays in the test section results
from:

2e=2e-f=2f-tanct-(n, —n,).

In the following tables, the division angles 2¢ and the ray distances 2e are given for some
prism angles o and for different focal lengths f (f and 2e in mm).




QUARTZ (A=6328A)  (Dex- Nor) =9.05 - 107

of°] |2e/rd-10* |£=200 [250 (300 |400 |500 [800 1000 [1200 [1500 3000
2 6.320 0.1264 ]0.158 |0.189 |0.253 |0.316 |0.505 |0.632 [0.758 |0.947 |1.895
4 12.657 0.253 10316 |0.379 [0.506 [0.632 |1.012 [1.265 [1.518 [1.898 |3.795
8 25.438 0.509 ]0.636 |0.763 |1.017 |1.271 |2.034 [2.543 [3.051 [3.814 |7.629
10 [31.916 0.638 [0.798 10.957 [1.276 |1.595 |2.553 [3.191 |3.829 |4.786 |9.573
20 |65.878 1317 |1.646 {1.976 |2.634 |3.293 |5.269 |6.586 |7.904 19.879 |19.759
30 [104.500 [2.090 [2.623 |3.147 |4.196 [5.245 [8.393 |10.491 |12.589 [15.737 |31.473

CALCITE (L=6328 A) (Dor - Nex) = 0.169

af°] |2e/rd-10* |[f=200 [250 |300 400 [500 800 |1000 [1200 |1500 |3000

2 1.182 2364 [2.965 |3.546 [4.728 |5.910 [9.456 |11.820|14.184[17.730|35.460
4 2.363 4726 15.907 |7.089 [9.452 |11.815[18.904|23.63 |28.356|35.445|70.891
8 4.752 9.504 |11.880(14.256|19.008]23.760{38.016|47.520(57.024|71.280|142.56

Focussing the laser beams in the test section

In order to achieve a spatial resolution as high as possible, the laser beams have to be
focussed in the test section. From gaussian theory, the minimal laser ray bundle diameter
do in the focal plane and the bundle aperture angle ¢ are related by:

4
dO :—7;.

S | >

It is assumed that the laser ray bundle intensity distribution is governed by a 2-dimensional
gaussian distribution function (TEM,). do and ¢ are defined for the point, at which the
intensity has dropped to 1/¢?.

From the constraint, that the ray bundles have to be concentrated on a diameter d over a
path length 1, it follows geometrically and optically:

2d

<—.
® 1

When substituting d = dy, the smallest diameter, that can be kept over a path length 1 turns
out to be:

10




To achieve a certain dy or @ when setting up an optical arrangement, a simple relation
between the bundle diameter D in the first Wollaston prism and the bundle angle ¢ in the
test section is practical:

—F

This relationship is independent of the laser beam focal point in the test section.

On the following pages, the optical arrangements, which have been realized until now, are
listed. They are specially adapted to fit the widely varying measurement problems.

11




4!

* [

H uonodAI

rrdnmpy ooyd 71 @ . =  wmoy
JOIITIN UOTIOQ[IR( [T

(I9)[1J puBQ-MmOIIEU © W [°Q] = 97 20urISIp Aey
se sofoyuid yiim 1oy)e30) pasn sem) wisLid WY3IS-1ysrens 01
(ww goF = ) 1eqnoq 6
MOPUIAA UOTIOS 1S9], Q
(ur QR = J “S1I9[QnOo(Y) SSudT 2A1N[qQ urey L

(60T X 7) SWSLJ UOISE[IOM 9 e TP >

191 uoneZie[od S

(u gpg = J) SuT SuIssnoo ¥ ¥ 2In31] U1 se [°POIN
onds weag €

(uomezirejod I9se] JUSIOIIJNSUT 0] ANP) IOI[L] UONRZIIR[O] Z dq oqn[, Jooys
(AW 1) Jose] I UT QUL ], JUSWAINSEIA] PUB MO[] Y3 JO ANsua(q :2A199[q0

al . "‘ "—- _ » —
08 o 80y 0ce ®

1 AT I 9T
() LR S A - i
VA | N




(yoea soroyurd ¢z snid) s dniny oloud
(unw OOf = J ‘sie[qnoy) sesue] 2an2(qo
IOLITJA JuaIedsuen-nueg

IO)L,] QOUAIJINU]

MOPUIAA UOTIOAG 18],

(uu Qg = J ‘SOTIRWIONYOY ) SASUT 2ANI2IqQ urey
(o07) SwSsII] UOISe[[OM

SI)1{ uoneZIIe[0d

(W oO¢ = J) SuaT SuIssnoog

(wrw Q- = J) uorsIadsIp wreaq Joj Suo|
(mu 1) Jose]

o —~
]

— NN <t VO >0

00}

el

ww g
ur €170
w276

I

p
97 :sweaq Iose]

[epour 1noyim (drerd
PUS INOYIIM PUR [IT1A) UONISS SSOIO IB[n3ue)ody  [SPOIN

uorneAIasqQ JoAe] Arepunog
aqn [, JOOyS © Ul J[IJoIJ ANSUI(T oY) JO UOTJAIaSqQ :dA11RIqO

T
Yy

o/o]"]




(yoes sojoyurd 7 snid) szordnniy ojoyd
IOLII]A] UOT}OR[JoJ

IO)[I,] 90UQI}IoI]

(wur gg/ =J) 1e1qno

MOPUIA) UOTIO9S 159,

(W gOZ [ = J) Sesua| 2an0a[qQ urey
(c0T X 7) swsliq UOISBIOM

SIdZIIR[0d

(wur 0pQT = J) Sue] SuIssnoo
1onids weag

(MW GT) Jase |

00c#

O
—

— AN <t VN0

14!

U0 MO[]

.

W QG = 97 20urISIp Aey

——

(ww o] PSUS]) f oINS jurse  [OPON

[ouung, Jooys
© UT WL, JUSWAINSBIJA] PUB MO[] 93 JO ANSud(q :241na3[qO

]

5 @@ - - 02€
\]

[}

A4

< IV




ol

A4

S9poId-NId

JOIIT]A] UOTIR[JT
(unu GeT = ) 2An22(q0
IOYI,] 9OUQIOJIAIU]
MOPUIA UOTIOS IS,
(ww OOz = J) SesuaT 2An0a[qQ) Urey
(,0T X 7) SWSLIJ UOISB[[O M

SI0Z1Te[0d

(urx gooT = J) Suo] Surssnoog

(Muw G1) Jose]

[
L e

ST

UOoN0RII(] MO[]

O

<>

“’““%‘—@%

::@
Ok

ooy

01
6 W [§°G] = 97 OURISIP ABy
8
L
9
S
1% (urx o1 PSu9|) p I urse  [OPON
€
C [uung, jo0ys
1 © UI QW [, JUSWAINSBIJA] PUB MO[] 93 JO Asua :2an22(qO

ANG

<l
—
<




91

UOTOAII(] MO[]

(ww OG- = J) sue] uorsiadsiq
(M 1) 1088

UOTJRUTILIANO(] QWL ], JUSWIAINSEJA JOJ uone3risoau]
IOJSURI], JeS} UI JUSWIAINSEIA UOTIRIQI[R)) :2A103Iq0

9poId-NId 8 warg = P
I9)[1] QOUSISLISIU] L W g.°() = o7 :Swedq Iose]
SMOPUIAM UOTI09S 1S9], 9
(Www 0§ = § “SI9[qnO(T) SASUT 2AN02IqQ Uty S
(,01) SWSLIJ UOISE[[OAN SoUO))  S[OPON
SI9ZLIR[O] €
[4
I

[ [ w— h

M

® $90 ~ op "o JCKC)
f NIAYs

@
\] : |
N | il AN




L1

UONOII(J MO

SpPOId-NId 6
JOLIA Juaredsuel] -TaS 8 wwig > p
IQNT Q0UIJIAU] L WW §7°¢ = 97 :SWeaq Jose|
MOPUIA\ UOTIODS 1S9, 9
(wur gOg = J *S19[QnO(]) SAsUT SANRIQQO ey S
(c07) SWsH UOISe[[OM ¥ SoUOD)  :SIOPOIN
SI9Z1Ie[Od €
(urur 0O - = J) suo uorsiadsi(y 4 QUO)) PUNOIL I9AR[ JOOUS UI UOTINQLISI(] ANSUa(
(A 1) J9se] I ‘10AeT Arepunog pue Adonug :2An32[qQO
= cogpE = 5 oo\ ~

@@ @\@/

Tk

A

| A



81

SOPOId-NId 8 IT wul 7' Inoge sweaq juddelpe -
(W QT =J) sasud] 01 U2aM13(Q 20UBISI(] "SIXB ‘lv -_—

I9[1] UMM 6 2100 01 .G 18 sired Ke1 g N
(2a1199[qo adoosoromur) 2a1199[q0 Q
MOPUIA UOTIO9S 1S9, L wur 6g°Q noqe. p
(W g7 = J ‘S1I9[Qno(]) SASUT A102[qQO UreN 9 ww $9°'] = 9g Swedq Jese]
(o07) SWSH UCISB[[OM S
Ioz1re[od ¥
USoMISqUI PIJUNOW SI9)[1J uonezrejod SQUOD)  S[OPOIN
PIM 07 ‘o8 ‘o = 0 so[3ue oy Jo swistid uoIse[[OM €
JO SISISUO)) "Sweaq g JO UoneIouad 103 posn NS weag € Juo)
(ww gOT- = J) suoT vorsidsig 14 punoIe 1oAe T JO0yS 2y} Ur uonnquisiq ANsuag
(MW GT) J9se7] I ‘19AeT Arepunog pue Adonus :9ANn22{q0
e o 068 -t
_ o& m Tt og~ - el - —

’@m@ mw \mm/r w/w 57 mwoS %

Y,

-0 !

. i L =
_ | /

Swreaq J9sey jo sired 9




(SSpoIp-NId § pue

UonOAII(] MO[]

SIOLITW [[eWIS § SUTBIUOD) JIU[) JOIOART 7] ~—
(wrur ¢ = J) 9A1R[QQ 9dodSOIIN [T -
(wur 06 =) 2A1n9[q0 01 "W Z°() INOGE SWeaq Judoelpe
MOPUIM U0NI3§ 189], 6 U29M12q DURISI(T "SIXE _ 0
(W QoS = J ‘S1I9[QnO(]) SASUT 2A139{qQ Urey 8 QU092 01 ,G§ 18 sated Aer g
(c0T + o07) swistid UoISejom L
To)I] uonezLre[od 9 wir £0°0 Inoqe p
(urur gog = J) suo  Surssnoog ¢ Ww $7’¢ = of :SWedq Iase]
uoomIaqur pajunowr sajerd
b/ UM 0T ‘o8 ‘o = 10 SO[SUE oY) Jo swsLid uoISe[OM €
JO SISISUO)) "sweaq § jo uonerouds 10j pasn ranidg weog ¥ SoU0D)  S[SPON
(wrr (¢ = J) sua| uorsiadsiq ¢
Aeld-v/Y T QUO)) punole IoAeT JOOyS Ul uoTINgINSIJ ANSua(]
(M GT) 19se] I ‘10Ae 1 Arepunog pue Adonuyg :0a122[q0
e o - -
or 005 o5z " omg

=

5

1]

il

| 1

¥
. ===V IINIIINIAY|
! i VI VI

SuIeaq JI9se| Jo sIied §




0¢

UOTJOII(] MO
® oI MOl

=
“

SOpOId-NId

(u 9o = J 19Iqno) 2an99lqO
I9)[1 QOURISJIoIU]

(ww 081 = J 19[qno(q) 2anoslq0
I19)[1,] UOTRZLIR[Od

MOPUIA\ UOTJOIS 1S9,

(umu 008 = J S19[qno() SISUT 9ANI[qQ urejy
(o07) swsI1g UOISE[JOA

(wwr OO = §) SUST SUISSNO0]
(ww Of = J) SuaT uorsIadsi(
Se[d-¥/Y

WSt 191S903]

JOLITIAl unoapieq

(AW G1) Jose]

<t
—

— N N
— —
©0

)
ot

wuw ['Q) Inoqe p
U /7°¢ = 97 sweoq Iose]
e

————
=

syiSuo] JuaropyIp Jo soueide) ¢ :S[OPON

— NN <t VN ~00 N

aIJoIg AJISUS(T 9ABA JO0US :dA123[q0

08y - o
]

ow S8 ooz o oo o8 T om T oeg ™ Go5E
9B0E0 T 5oee | ¢ o g
@ i=i=t A

\1<c ! A. It




1C

S9pOIP-NId 6
IQ)1{ UoNeZIIR[od 8
JOLITA Juaredsuel] -TuIog L wuw gO°'() INoge p
MOPUIA UOTIONS 1S9, 9 Wl g/') = 97 Swedq Iose]
(W 0Gg = J ‘SI9QNO(T) SISUST 24RO UTeA S
(c0T) SUWISHIJ UOISBIIO A I
SIBld-1/Y € (wwr g ="e1q) ed  *S[FPON
(wrwr g9-= J) sueT uorsadsi(] é
(MW GT) 1088 1 aroyds [Tews € Jo Jooys mog :2A1nIgO
*@ S °2? N MY e
1.y 1] i ” ﬁw
\ ] . _-_
1 : o ———
_ I I A




(44

UOTIOAII(] MO[]

-
-
g ——
[ 4
L J

SpOTIP-NId

JT] S0UAISJIU]

(Ww T = J) oNBWOIYIY

MOPUIA UOTIONS 1S9,

(W 0Q[ = § ‘SONBWOIYOY) SISUT 9A1IRQQ Uy
(o0€) StSTIJ UOISLI[O M

JoNL uonezie[od

(urax 0QO1-= J) suaT Surssnoog

(AW 1) 1988

WW 6'Q] = 97 :Swedq Iase]

1dy00D yitm suo))  S[OPON

— NNtV O 00N

w39y MO[] Apeals 10J 159, :2A192[q0

—_———— ] -]
e 500} - 807 = 000}

7
A
V

? © & me
=7< |




SOpOI(d-NId T

, (w g = J) 2An09lq0

sTeudrs aouaraprajul paseyd-Arejuswordwod

oM} Jo uoneIauasd 103 (,0€ + ,07) SWSLJ UOISB[[OM
MOPUIA\ UOTIOAS IS,

(wur 0pOT = J *$19[qno(]) SASUST AATRQQ UTeIA]
(c0€ + 50T) SWSLIJ UOISETIOA

(wwr 0T = §) sue] uorsiadsi(y

Sreld-v/Y

(M G1) Jose]

o0 O\

— AN <N \O ™~

144

el

—————n}

jee — ettt

QNQAW Asw
1]

000}

bl §

VAN

UOTIORII(TMO[]

“Illl
@ .
-

WIW [/°9] = 97 20urISIp Avy

pom3njurse  JOPON

[uun, yo0ys

B U OUIL ], JUSUIAINSBOJA] PUB MO[] Y JO AIISUQ(] :9A109[q0

———r——————{




Sreusts aouarayIauI paseyd-Arejuowadwod oml

14

Jo uoneIauas 10y AT JO (,8) SWSLJ UOISE[OM  TT ww 7z’ sAel jusoelpe usomiaq
(W ¢ = J) 9An9[qQ ododsordN O 20URBISI(] "UOTIOAIIP MO[J a3 03 06 e sited Aei1 4
(wrw GO = J) 2AN0[q0 6
MOPUIA UONIRG 1S9, 8 wuw GO°Q IN0qe P
(wur g¢ = J ‘SIRQNO(T) SISUIT ANRAGQ Ure L WW Q'] = 97 :SWedq Jose]
(,07) swsLd UOISE[OM 9
19)]1] uornezrrejod (LLLLes il LLLLL
pue are[d-{/y UM f pue .7 sojdue Jo swstid uolse[jopm o
7 JO SunsIsuoo ‘sweaq f JO UOIBIAULL) J0J JoNI[dS weag S 0c s = -—
(ww Q1 = J 991qno(]) Surssnoo, 10J 2A1192(q0 ¥ ,
(ww (g = J 19[qno(q) sua] uorsiadsiq ¢ SIXe 9qn) Yooys 0} [o[fered ‘Wi O¢ eI 2qn],  :[OPOIN
Sreld-v/Y [4
(AW GT) Iose] I 10Ae T Arepunog reurwe| :2an39[qO
- o o T T ~we e ez

o0

05" 7

P2 97

oo 0%

—

—

————

i

———

[ A —

T
/
y

A
ﬁ
v

Al
Vo

o]
\




(09 VS-NId Lan) 1030930 o[dniny
sreugts souaralraul paseyd-Arejuswo[dwod om}

Jo uoneIduas 10J 91918 JO (,8) SWSLIJ UOISB[[O A\
(wwr g = 3) 2A1399[q0

(wur o1 =J) 2An0elqO

SMOPUIA\ UOTIORNS 1S9,

(wwr 0 = J “19[qnoQ) $esue 2A109(qQ UTeA

(57) SWSLI] UOISB[[O M

12)[1} uonezirejod pue

Aed-y/Y Yum 07 PuB Q] S9[3ur Jo swstid uoise[jop
7 JO SunsISuoo ‘sweaq  JO UOIeIdURL) 103 INIdS weag
(wra g = J 19[qno(q) Surssnoo, 10§ 2A1RIGO

(ww O] = J 991qno(]) su uorsradsiq

SIeld-¥/Y

(MU G1) JosB]

4!

I

\O ™~ o0

— NN <t N

4

W 970 sAel juaoelpe usamioq
Q0URISI(] "UOTIDAIIP MO[] o) 01 06 e sited K1 4

w100 noqe. p
Ww QZ['Q) = 97 :SWedq Jase ]

cmslmll

-—p————
-
v g

Y el

SIXe 9qn) Jooys 0) [ofered ‘W ¢ eI oqnL  [PPON

10Ae T A1epunog juongin], :9An33[qQ

02 00 oeF 09 00¢ 00

0C 002 06 Oct [

-
| p— |
‘V‘

<




1 I 1

T
0 a1 g2 03 04 05 06
A0/A ‘

Fig. 1 - Relationship between Optical Path Variation 8¢ and Intensity Variation Al
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Fig. 2 - Laser-Interferometer
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Fig. 3 - Laser-Interferometer (with Compensation
of Sensitivity to Vibrations)
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Fig. 5 - Measurement of Density Profile in the Shock Tube
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Shock Wave

Air £,=02 Torr Ms = 13,3

Fig. 6 - Density Profile Measurement within a Shock Front
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Fig. 7 - Investigation of the Stagnation Region of a Small Sphere




\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ \4

-

N
&

ANARANAREUEERARARRRRRRN NN

ARaRnanneee O

o

N

»

- VI -

\
NN
N

T
HEEEEEENS
-.'!mﬂnﬂ

HEREEEN
_!!!E?ﬂlﬂﬂ

20us
0,=05Torr Ms=74

Fig. 8 - Recording of Unsteady Shock Wave Boundary Layer
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Fig. 9 - Recording of Thermal Boundary Layer
at the End Plate of a Shock Tube
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Fig. 10 - Laser Beam Arrangement for Determination of
the Flow around a Cone
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~ Fig. 11 - Series of Simultaneous Signals from Cone Flow
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Fig. 12 - Density Profiles at different Locations within the Shock Layer of A Cone




